consensus translational start site (Kozak, 1987) , alis most pronounced between residues 699-758 ( Figure  1b ), a region located in the Rad10 binding domain of though an initiation site slightly further upstream is not excluded. The predicted protein has a relative molecular Rad1 (Bardwell et al., 1993) . In the N-terminal half, several leucine-rich repeats are conserved that may be inmass of 103 kDa and pI of 6.35.
Homology of the protein to Rad1, rad16, and MEI-9 volved in protein-protein interactions (Schneider and Schweiger, 1991). The relatively poorly conserved cen2b). This full correction of UV41 was confirmed by the protein expression studies described below and inditral area harbors putative nuclear targeting sequences (Dingwall and Laskey, 1991) . Motifs known to be incates that the cloned cDNA encodes ERCC4. As expected, transfected 43-3B cells did not survive UV sevolved in DNA binding or endonuclease function were not found. In a protein sequence property search using lection (data not shown). However, pcDNAhhrad16 also conferred UV-and partial MMC-resistance on UVS1, the PropSearch algorithm (Hobohm and Sander, 1995) , the only high scoring hits found with all four Rad1 family the only representative of rodent group 11 (Figure 2b) , indicating that it is also the group 11 correcting gene. members were eukaryotic homologs of DNA mismatch repair proteins MutS and MutL, human Abr proteins, This was surprising, since complementation between UVS1 cells and two different group 4 mutants, UV47 and mouse Rb.
By means of in situ hybridization, the RAD1 homolog and UV41, has been previously observed by independent laboratories (Busch et al., 1994; Hata et al., 1991) . was localized to human chromosome 16p13.1-13.2 (Figure 2a) . This corresponds to the locus of a human repair Thus, the two rodent groups represent a unique case of intragenic complementation among mammalian repair gene complementing rodent NER mutants of group 4, identified using cell hybrids (Liu et al., 1993) and a genogenes. The underlying mechanism remains to be elucidated and requires cloning and sequencing of the hammic clone .
ster genes. Interestingly, there is a parallel in S. pombe, in which the rad16.20 allele, which encodes the N-termiCorrection of XPF and Rodent Group 4 and 11 Cells by the Human Gene nal 45% of the protein, was complemented by a plasmid encoding the C-terminal 60% of the rad16 gene product To determine whether the human homolog could correct one of the rodent ultraviolet (UV)-sensitive mutants, par- (Carr et al., 1994) .
To study further the identity of the human gene prodticularly of group 4, the cDNA in a mammalian expression vector (pcDNAhhrad16) was transfected into UV41 uct, we raised antibodies in rabbits against recombinant C-terminal fragment. The affinity-purified antiserum rec-(ERCC4 2 ), UVS1 (ERCC11 2 ), and 43-3B (ERCC1 2 ) cells. Stably transfected mass populations of UV41 were obognized a protein band migrating on gels at a relative molecular mass of approximately 115 kDa in extracts tained that exhibited normal resistance to UV and the cross-linking agent mitomycin C (MMC), to which rodent from Chinese hamster and normal human cells ( Figure  3a) . Chinese hamster mutant UV41 cells transfected with group 4 (and 1) mutants are extremely sensitive (Figure the complementing cDNA regained a band of the same size (data not shown), showing that the cDNA encoded a full-length or near full-length polypeptide. The same protein band was strongly reduced in a HeLa extract depleted for ERCC1 and present in the anti-ERCC1 antiserum-bound fraction (Figure 3b ), confirming its presence in the ERCC1 complex.
As outlined in the Introduction, ERCC1 and ERCC4 correcting activities are found in a complex that also harbors correcting activity for XP group F. Although we have previously found reduced levels of ERCC1 protein in cells from XP-F patients (Biggerstaff et al., 1993; van Vuuren et al., 1995) , ERCC1 was explicitly excluded as the gene responsible for XP-F (van Duin et al., 1989) . To determine whether the Rad1 homolog is involved in XP group F as well, we microinjected pcDNAhhrad16 into the nucleus of fibroblasts from an XP-F patient. The repair defect was specifically and fully corrected to the level of UV-induced unscheduled DNA synthesis in normal cells (see Figure 2c ; Table 1 ). Moreover, injection of the ERCC4 antiserum into normal human cells caused specific and complete inactivation of NER ( Figure 2d ) but had no effect on transcription (Table 1) or base excision repair (data not shown), two cellular processes distinct from NER. The inhibitory action of the antibodies was competed by preincubation with the C-terminal ERCC4 fragment but not by bovine serum albumin (data not shown).
Mutations in an XP-F Patient
To obtain direct proof that the Rad1 homolog is responsible for the XP-F repair defect, we searched for mutations in the gene. Restriction endonuclease fingerprinting (REF) indicated sequence alterations in the C-terminal part of both alleles from patient XP126LO (Norris et al., 1988; Figure 3e ) and in a second unrelated individual with XP-F. RT-PCR clones (2) of each allele were compared by REF analysis with the original PCR mixture, and both were sequenced to rule out PCRinduced mutations. Sequencing both clones of one allele of XP126LO revealed a 4 nt deletion, TCTC, in a repetitive sequence (TTCTCTCTCA) at position 2281, possibly caused by replication slippage, resulting in a frameshift and a truncated protein of 803 amino acids (Figure 3d ). Both clones of the other allele carried a C!T transition at nucleotide 2377, presumably due to deamination of a methylated cytosine at a CpG site, changing arginine residue 788 (conserved in S. pombe, Drosophila, and human) into a tryptophan (R788W; Figure 3d ). In addition protein band. A similar relative difference in the amount of XPF protein was found when total cell extracts of primary fibroblasts from normal and several other XP complementation groups were is indicated by arrows. to these mutational alterations, two sequence polymorfrom UVS1 cells (Figure 6a ). Human XP-F cell extracts were also corrected by purified complex, as shown in phisms were found. One at nucleotide 2090 (A!G) results in Asp or Gly in the human sequence, at a position a repair synthesis assay for NER ( Figure 6b ) and in the dual incision assay. The complex did not contain corcoding for Gly in D. melanogaster and S. cerevisiae and Asn in S. pombe. A preliminary analysis to estimate the recting activity for other mutant cell extracts ( Figure 6b ). In addition, the complex was active in a fully reconstitufrequency of this polymorphism showed that the Gly residue was present in more than 10 wild-type alleles ted repair system (Aboussekhra et al., 1995; data not shown). examined. The second polymorphism at nucleotide 2487 (C!T) does not change the amino acid.
We conclude that the Rad1 homolog is indeed respon-ERCC1-XPF Is a Structure-Specific DNA Endonuclease sible for the repair defect in XP group F. In accordance with nomenclature agreements (Lehmann et al., 1994) , To determine whether the purified ERCC1-XPF complex had structure-specific endonuclease activity, we used the name XPF is recommended for this gene and XPF for its encoded protein.
a partially self-complementary oligonucleotide to form a stem-loop structure consisting of a 22 nt singlestranded loop and a duplex stem of 12 base pairs (Figure
Purification of XPF Protein in a Complex with ERCC1
7a). This substrate was end-labeled on either the 39 or 59 terminus, and reaction products were analyzed by To study the catalytic function of the ERCC1-XPF protein complex, we purified it from cells producing funccomparison to DNA sequencing markers, to map the exact sites of cleavage. The ERCC1-XPF complex spetional His-tagged ERCC1 protein. ERCC1-defective Chinese hamster 43-3B cells were transfected with Hiscifically cleaved the stem of this substrate 2, 3, and 4 phosphodiester bonds away from the 59 side of the loop tagged human ERCC1 cDNA, selected for repair competence, and extensively characterized to ensure stable ( Figure 7a , lanes 2, 3, 6, and 7). These incisions colocalized precisely with those catalyzed by yeast Rad1-expression and function of the His-tagged ERCC1. Immunochemical staining confirmed expression of HisRad10 proteins (Figure 7a, lanes 11, 12, 15, and 16) . Conversely, human XPG protein cleaved the substrate ERCC1 protein in the nuclei of transfected 43-3B cells , and immunoblotting showed that noron the 39 side of the loop, at the phosphodiester bond on the stem-loop border, and one bond into the stem mal amounts of ERCC1 were produced ( Figure 4e ). The transfected His-ERCC1 fully corrected both the UV and ( Figure 7a , lanes 1 and 8). No cleavage was observed when Mg 21 was omitted from reaction mixtures. MMC sensitivity of 43-3B cells (Figures 4f and 4g ). The use of His-affinity chromatography on chelated nickel Several approaches showed that incision activity was intrinsic to the ERCC1-XPF complex. Structure-specific columns in combination with five other purification steps resulted in a preparation containing three major polynuclease activity could be directly followed during the last steps (V and VI) of purification and always coeluted peptides revealed by silver staining, with relative molecular masses of 42 kDa, 60 kDa, and 115 kDa (Figure with the ERCC1 and XPF polypeptides. Furthermore, agarose beads coupled to anti-ERCC1 antibodies could 5a). Immunoblotting identified the 42 kDa band as Histagged ERCC1 and the 115 kDa band as XPF protein, precipitate the nuclease in an active form on the beads, while beads coupled to preimmune serum could not respectively ( Figure 5b ). The ERCC1 and XPF proteins coeluted at each step and began to separate from the 60 precipitate active complex ( Figure 7b) . These findings clearly demonstrate that incision activity is inherent to kDa protein and minor contaminants upon gel filtration chromatography ( Figure 5a ; see different peak fractions the ERCC1-XPF complex. When DNA polymerase I (Klenow fragment) and deoxynucleotides were added for ERCC1-XPF and the 60 kDa band), glycerol gradient sedimentation, or on Reactive Yellow 86 agarose ( Figure  after cleavage of the stem-loop, the small DNA incision product was quantitatively converted to approximately 5c). These results indicate that the ERCC1 protein complex is a heterodimer of ERCC1 and XPF, consistent 36 mer, indicating the presence of an OH group at the 39 terminus of the incision product ( Figure 7c ). with the suggestion of . Functional activity was shown by several criteria. The complex could A "bubble" substrate containing a centrally unpaired region of 30 nt (O'Donovan et al., 1994a) flanked by correct the defect in dual incision exhibited by ERCC1 and ERCC4 mutant cell extracts, as well as extracts duplexes of different sequence was also cleaved by 
ERCC1-XPF Makes the 59 Incision during Repair
These data demonstrate that the ERCC1-XPF complex is a structure-specific endonuclease cleaving one strand of DNA near borders between duplex and singlestranded regions. The polarity of enzymatic cleavage of model substrates strongly suggests that the ERCC1-XPF protein complex makes the 59 incision during NER. This is indeed the case during repair, as shown in Figure  6a . This assay simultaneously detected excision prod- lanes 2, 4, and 6). The ERCC1 and XP-F cell extracts therefore specifically lack the ability to make the 59 incision. Addition of purified ERCC1-XPF complex to the ERCC1-XPF, near the 59 side of the junction between the duplex and unpaired region. However, we did note extracts restored 59 incision activity and generated normal excision products (Figure 6a ). that ERCC1-XPF cleaved the stem-loop structure more readily than the bubble structure, while XPG preferred the bubble over the stem-loop (data not shown). AddiDiscussion tional NER incision step factors such as XPA or RPA were not detectable in the purified preparation and are Identification of the Human XPF Gene In this study, a single human cDNA was isolated that not required for the structure-specific nuclease activity of ERCC1-XPF with these substrates.
can fully correct the faulty repair in XP-F cells as well as in rodent group 4 and 11 cells. Although this has been suggested previously, based on indirect indications (Biggerstaff et al., 1993; van Vuuren et al., 1993; Reardon et al., 1993; , this study provides a unique demonstration that XPF, ERCC4, and the group 11 defects are allelic. Intriguingly, the correspondence between rodent groups 4 and 11 is the only known case of intragenic complementation between mammalian NER mutants. The cloning of XPF completes the isolation of the set of XP genes that are required for the core process of NER in mammalian cells. The gene is also the final one correcting the six original complementation groups of rodent repair mutants that have been classified by Busch, Thompson, and coworkers (Busch et al., 1989) . We find that the encoded XPF (ERCC4) protein is intrinsic to an active ERCC1-containing protein complex. The mutations located in the examined XP-F cells occur in the region expected to be involved in ERCC1 binding, based on studies of the homologous yeast complex (Bardwell et al., 1993) . We have noted that ERCC1 mutations interfering with complex formation result in rapid degradation of ERCC1 and that the degree of sensitivity to UV light and MMC depends on the amount of ERCC1 complex expressed (our unpublished data). The reduced amount of XPF protein detected in extracts of XP-F cells (Figure 3a) , 43-3B, and UVS1 rodent cells (data not shown) closely resembles the strongly reduced levels of ERCC1 protein in these cells that we reported earlier (Biggerstaff et al., 1993; van Vuuren et al., 1995) and suggests that complex formation is required for the stability of the XPF component as well. In rodent mutants, hypersensitivity to MMC occurs only at very low levels of ERCC1 (our unpublished data). The residual amount of ERCC1-XPF complex present in XP-F cells may account for their moderate sensitivity to MMC and the slow extended repair characteristic of XP-F (Zelle et al., 1980) .
XPF Protein Is a Subunit of the Nuclease That Makes the 59 Incision
These studies with purified ERCC1-XPF show that the complex has an intrinsic structure-specific endonuclethe schematic diagram. Incision reactions were incubated for 30 min using 200 mg of protein from the cell extracts indicated. The complementing factor added to UVS1 (CHO group 11), UV41 (ERCC4), and 43-3B (ERCC1) cell extracts (lanes 3, 5, and 7, respectively) was ERCC1-XPF (fraction V, 1 ml, approximately 0.1 pmol of complex). Cell extract (200 mg of protein) from 43-3B cells expressing His-tagged ERCC1 was used for lane 8. XPG83 and XPG415A cell extracts were complemented with 50 ng of purified XPG protein (O'Donovan et al., 1994b; lanes 12 and 14, respectively) , and XP-A (GM2345) cell extract was complemented with 90 ng of purified XPA protein (Jones and Wood, 1993; lane 10) . (b) Assay for repair synthesis, with human XP-F cell extract, and extracts from Chinese hamster UVS1 cells and 27-1 cells (a hamster Figure 6 . Repair-Correcting Activity of ERCC1-XPF Complex XPB/ERCC3 mutant). Repair synthesis is monitored by incubating (a) Autoradiograph of Southern blot. Platinated DNA fragments corcell extracts with a mixture of undamaged (2 UV) and UV-damaged responding to nonincised DNA (84 nt), uncoupled 59 incisions (61,
(1 UV) circular plasmid DNA in a reaction mixture that includes 64, and 65 nt), uncoupled 39 incisions (42, 48, and 49 nt), and dual [a-32 P]dATP . Lanes 1, 2, 4, 5, 7, and 8 had 100 incisions (24-32 nt) were detected after hybridization with a 32 Pmg of the indicated extract (CFII fraction); lanes 3 and 6 had 50 mg labeled 27 mer probe complementary to the DNA sequence surof each CFII fraction. Purified ERCC1-XPF protein (fraction V, 1 ml) rounding the cisplatin cross-link (Moggs et al., 1996) , as shown in was added in lanes 2, 5, and 8.
ase activity. There are significant parallels with the homologous nuclease complex formed by the Rad1-Rad10 proteins in S. cerevisiae. The yeast complex consists of two subunits that are sufficient to perform incision (Tomkinson et al., 1993 (Tomkinson et al., , 1994 Sung et al., 1993; Bardwell et al., 1994) . Our data, including the findings that the 115 kDa component of the human is XPF and is equivalent to ERCC4 and ERCC11, are completely consistent with an heterodimeric composition in mammalian cells as well. Moreover, the cleavage specificities of ERCC1-XPF and Rad1-Rad10 are identical, both on the stem-loop structure (Figure 7a ) and on other substrates. The polarity of cleavage for these enzymes is the opposite of that mediated by XPG nuclease, and the incision sites of ERCC1-XPF are slightly further from the stem-loop junction than those mediated by XPG.
Although it was known that XPG and Rad1-Rad10 cleaved near the border of single-stranded and duplex DNA, these data represent the only example in which cleavage sites have been definitively mapped at nucleotide resolution.
In addition, experiments with a specifically placed cisplatin-DNA adduct showed directly that the structurespecific endonuclease activity of ERCC1-XPF is responsible for the 59 incision during the nucleotide excision repair reaction. Finally, it was determined that the product resulting from cleavage by the human enzyme has a 39 OH group, so that gap-filling DNA synthesis can start at the 59 incision site without additional DNA modifications. The fragments produced by dual incision still retain a 59 phosphate (Moggs et al., 1996) , indicating that ERCC1-XPF makes the 59 nick without further processing. Since only the damaged DNA strand is cleaved during nucleotide excision repair, it is likely that lesiondependent positioning of other incision components such as XPA, RPA, TFIIH, and XPC restricts the action of the two structure-specific repair endonucleases (XPG and ERCC1-XPF) to the damaged strand.
In contrast to the above findings and to those in yeast, a purified preparation containing ERCC1 and a 115 kDa XPG (50 ng); lanes 2 and 3, ERCC1-XPF (purified fraction V, 1 and 2 ml, respectively); lanes 4 and 5, Maxam-Gilbert G 1 A and C 1 T sequencing ladders. Lanes 6-10, 59-labeled stem-loop with lanes 6 and 7, ERCC1-XPF (purified fraction V, 1 and 2 ml, respectively); lane 8, XPG (50 ng); lanes 9 and 10, G 1 A and C 1 T sequencing ladders. Lanes 11-14, 39-labeled stem-loop with: lane 11, Rad1 (100 ng) and Rad10 (25 ng); lane 12, ERCC1-XPF (1 ml, fraction V); lanes 13 and 14, Maxam Gilbert G 1 A and C 1 T sequencing ladders. primary fibroblast cell line or HeLa cells was used for random hexpolypeptide from HeLa cells was reported to lack any amer-primed RT-cDNA synthesis using standard conditions. After structure-specific DNA endonuclease activity on a bubverification that the amplified product was derived from a human ble substrate, acting instead as a weak single-stranded gene with clear homology to RAD1, the PCR product was used as endonuclease . However, the absence a probe to identify a clone from a human testis cDNA library that of cleavage in the single-stranded regions of the stem- indiscriminately.
To construct a complete cDNA, we first subcloned a 1636 bp BsaAI fragment from pBSChhrad16 into the pBluescript vector car-
Consequences of XPF-ERCC1
rying HGS238927, to obtain pBSHGSChhrad16. A human fibroblast cDNA library (Keyse and Emslie, 1992) mild clinical symptoms, and some are reported to surglycerol and run at 48C (Liu and Sommer, 1995) . Fragments of the two alleles were subcloned and sequenced from XP126LO, XP42RO
vive into their sixties (Yamamura and Ichihashi, 1989) .
(both XP-F cell lines), and normal primary fibroblasts (WT).
It remains to be seen whether all group F individuals with the sun-sensitive disorder xeroderma pigmento-
Fluorescence In Situ Hybridization
sum express a low level of ERCC1-XPF complex and
The RAD1 homolog cDNA was nick-translated using Digoxigeninwhether a complete absence of ERCC1-XPF is compatidUTP (Boehringer Mannheim), and fluorescence in situ hybridization ble with human viability.
was done as detailed (Johnson et al., 1991) . Individual chromosomes were counterstained with diamidophenylindole, and images were recorded using a charged coupled-device camera and analyzed Experimental Procedures using ISEE software (Inovision Corp.). Spreads (approximately 20) were analyzed by eye, and most had a doublet signal characteristic Isolation of the Human XPF cDNA of genuine hybridization on at least one chromosome 16. Doublet The 59 part of the gene was isolated by using the S. pombe rad16 signal was not detected on any other chromosomes. Individual chroand S. cerevisiae Rad1 sequences to search a database of human mosomes (10) were analyzed in detail using a combination of fracexpressed sequence tag sequences (Adams et al., 1991 (Adams et al., , 1995 .
tional length measurements and fluorescence banding combined Of two expressed sequence tag clones detected, the longer with high resolution image analysis. (HGS238927) was from a human testis cDNA library. The insert of approximately 2.1 kb encoded a polypeptide with homology to the Selection and Characterization of 43-3B His-ERCC1 Cells N-terminal part of rad16, Rad1, and MEI-9. The HGS238927 insert A tag sequence was introduced at the 39 end of ERCC1 by PCR was used to screen a human testis cDNA library by hybridization, methods, to encode a fusion protein consisting of normal full-length which identified a clone (rad16o26) with additional 59 terminal sehuman ERCC1 cDNA followed by Gly-Gly-Ser, a thrombin cleavage quence. RACE on multiple cDNA libraries confirmed the sequence site, and six His residues. This construct (pSVL-ERCC1-His) was of rad16o26 and the presumed AUG initiation codon.
transfected into 43-3B cells (Wood and Burki, 1982) , and repairTo isolate the 39 part of the gene, numerous degenerate primers competent transformants were selected after repeated UV irradiawere designed for regions in which the RAD1, rad16, and D. melanotion (4.6 J/m 2 ). The number of cells surviving treatment with UV or gaster mei-9 gene products show sequence conservation. In posi-MMC (1 hr) was measured as [ 3 H]-thymidine incorporation 6 days tions where one species differed from two others, the majority rule after exposure. Proliferating cells were pulse-labeled with tritiated was followed. At positions where all three differed, the residue in thymidine (1 hr), followed by a chase (1 hr) to deplete radioactive the species most closely related to mammals was utilized. Condiprecursor pools. Cells were lysed in 0.05 M NaOH and transferred tions for PCR amplification were optimized using S. pombe cDNA to scintillation-counting vials. Survival was calculated as the average as starting material. Products were evaluated further only if they ratio of incorporated radiolabel in treated duplicates to that in four corresponded to the predicted size. One appropriate primer pair untreated control dishes. was 59-TIGTIGAT/CATGA/CGIGAA/GTT-39 and 59-CIGGIGTIAA/GI ATA/GTAA/CTCICCIAC-39. The protocol for this PCR amplification was 4 min at 948C (hot start), followed by 35 cycles of 1.5 min at Correction of Rodent Mutants by Transfection pcDNA3 (neo) and pcDNAhhrad16 were transfected into UV41, 948C, 1.5 min at 418C, and 1.5 min at 728C. The final cycle was concluded with 10 min at 728C. Reaction mixtures in 60 mM Tris-HCl UVS1, and 43-3B cells using lipofectin, as described previously (Troelstra et al., 1992) . Stable transfected mass populations were buffer (pH 8.5) contained 15 mM (NH 4)2SO4, 2.5 mM MgCl2, 0.2 mM dNTPs, 100 pmol primers, and SuperTaq (HT Biotechnology, Ltd.) selected on G418 (800 mg/ml) and UV (UV41 3 3 8 J/m 2 and UVS1 3 3 18 J/m 2 ). Subsequently, 500-5000 cells were seeded in 30 mm in a Perkin Elmer Cetus DNA thermocycler. RNA from a non-XP-F wells and either UV-irradiated or incubated with the cross-linking detection by Southern hybridization. Repair synthesis assays used CFII protein fraction from the indicated cells, purified RPA, and agent MMC for 1 hr. Survival was measured as [ 3 H]-thymidine incorporation 7 days after exposure.
purified proliferating cell nuclear antigen, as previously described (Biggerstaff et al., 1993) . Nuclease reaction mixtures (15 ml) contained 0.2-0.5 ng of stemMicroinjection loop DNA and the indicated proteins in buffer as described (O'DonopcDNAhhrad16 or anti-ERCC4 antiserum was injected into one of van et al., 1994a) for Figure 7a , lanes 1-10, or in buffer D (50 mM the nuclei of XP126LO (XP-F) homopolykaryons or into the cytoTris-HCl [pH 8.0], 10 mM MgCl 2, 100 mg/ml of bovine serum albumin, plasm of C5RO (normal human primary fibroblasts) homopolykaryand 0.5 mM b-mercaptoethanol) for lanes 11-18. After incubation ons. Repair activity was determined after 24 hr by UV-induced (15 at 258C for 2 hr, 15 ml of 90% formaldehyde was added, and samples J/m 2 ) incorporation of [ 3 H]-thymidine and autoradiography as dewere heated at 958C and loaded onto denaturing 12% polyacrylscribed . The number of silver grains above amide gels. Products were visualized by autoradiography or a phosthe nuclei is a measure of the level of unscheduled DNA synthesis phorimager. Maxam-Gilbert A 1 G and C 1 T reactions were carried and reflects the cellular repair capacity.
out on the 39-and 59-labeled stem-loop substrates in order to locate the sites of enzymatic cleavage. For immunoprecipitation, affinityImmunological Methods purified anti-ERCC1 antiserum (30 ml) was coupled to 10 ml of protein An Escherichia coli expression construct was made coding for a G beads, and beads were extensively washed and incubated with GST-ERCC4 fusion protein containing the 391 C-terminal residues the indicated amount of ERCC1-XPF complex in 20 ml of buffer D present in pBSChhrad16. Antibodies raised against fusion protein at 48C. After 2 hr, beads were washed twice with 100 ml of buffer D were isolated on a glutathione column and affinity-purified. Immunoand added to the nuclease reaction mixture. Samples were then fluorescence, SDS-polyacrylamide gel electrophoresis, and immuloaded on a denaturing 20% polyacrylamide gel. For the end-labelnoblotting were performed according to standard procedures (Saming analysis in Figure 7c , reaction mixtures containing 59-labeled brook et al., 1989), using polyclonal antibodies against human (lanes 1 and 2) or unlabeled (lanes 3 and 4) stem-loop substrate were ERCC1 and ERCC4. A HeLa whole-cell extract was depleted for incubated for 16 hr at 168C, with or without ERCC1-XPF complex (1 ERCC1 using anti-ERCC1 antiserum coupled to protein A beads.
ml of fraction V) as indicated. In lane 2, 1 ml of 5 mM dNTPs plus 1 U E. coli DNA pol I (Klenow fragment) was added for a further 30 Isolation of ERCC1-XPF Protein Complex min. For lanes 3 and 4, 5 nmol of dGTP, dCTP, and dTTP and 2 ERCC1-XPF complex was isolated from 43-3B His-ERCC1 cells, nmol of [a-32 P]dATP were added for 30 min, followed by a 90 min monitoring purification by immunoblotting using an antibody against chase with 10 nmol of unlabeled dATP. ERCC1 and by repair-correcting activity. A nuclear extract (Masutani et al., 1994) was prepared from 1.4 3 10 11 frozen cells and dialyzed Acknowledgments against buffer A (20 mM HEPES-KOH [pH 7.5], 0.2 mM EDTA, 2 mM MgCl2, 10% glycerol, 0.2 mM 4-(2-aminoethyl)benzenesulfonyl
Correspondence should be addressed to R. D. W. We thank the fluoride, 5 mM b-mercaptoethanol) containing 0.15 M KCl and 10 members of our laboratories for advice and reagents; A. A. Davies, mg/ml of aprotinin. The extract (1.5 g) was loaded onto a phosphocel-R. Sowdhamini, W. Vermeulen, and T. Yagi for discussions; and lulose column (Whatman P11; 300 ml) equilibrated in the same E. C. Friedberg for the Rad1-Rad10 proteins. We thank A. J. van buffer. The flow-through fraction contained the incision protein RPA Vuuren, A. de Klein, R. van Os, H. Odijk, and J. de Wit for help with and proteins not needed for NER (Shivji et al., 1992; Biggerstaff et the experiments. This work was supported by the Imperial Cancer al., 1993).
Research Fund, the Human Frontiers of Science Programme, the Bound proteins (Fraction I, 600 mg protein) were eluted with buffer Dutch Scientific Organisation (NWO, Foundation for Chemical Re-A containing 1.0 M KCl, supplemented with 1 mM imidazole (Fluka), search), and the European Community Human Capital and Mobility and applied directly onto a Ni 21 -NTA agarose column (Qiagen; 25 Programme. ml). The column was washed at 25 ml/hr and eluted sequentially with buffer B (20 mM HEPES-KOH [pH 7.5], 2 mM MgCl 2 , 10% References glycerol, 0.2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 5 mM b-mercaptoethanol, 0.5 M KCl) containing 1 mM, 5 mM (pH 6.6), 20 Aboussekhra, A., Biggerstaff, M., Shivji, M.K.K., Vilpo, J.A., MoncolmM (pH 7.5), and 100 mM imidazole (pH 7.5). ERCC1 was eluted in lin, V., Podust, V.N., Protić, M., Hübscher, U., Egly, J.-M., and Wood, the last fraction (Fraction II, Buit, C.J., Lee, N.H., Kirkness, E.F., Weinstock, K.G., and others Q HR 5/5 column (Pharmacia). A gradient of 50-300 mM KCl in buffer (1995) . Initial assessment of human gene diversity and expression C was applied, and 0.5 ml fractions were collected; ERCC1 eluted patterns based upon 83 million nucleotides of cDNA sequence. at about 0.2 M KCl. ERCC1-containing peak fractions (Fraction IV, Nature 377S, 3-174. 4 ml) were pooled, diluted to 50 mM KCl with buffer C, loaded onto Bardwell, A.J., Bardwell, L., Johnson, D.K., and Friedberg, E.C. an FPLC Mono S column, and eluted with a gradient of 50-300 (1993) . Yeast DNA recombination and repair proteins Rad1 and mM KCl. Peak fractions (Fraction V, 1.5 ml; approximately 0.1 pmol Rad10 constitute a complex in vivo mediated by localized hydropho-ERCC1 complex/ml) eluted at approximately 0.22 M KCl. A SMART bic domains. Mol. Microbiol. 8, 1177-1188. system (Pharmacia) was used for the Superose 12 gel filtration in Bardwell, A.J., Bardwell, L., Tomkinson, A.E., and Friedberg, E.C. Figure 5a . For Figure 5c , 20 ml of fraction V was diluted 1:2 in buffer (1994) . Specific cleavage of model recombination and repair inter-C and added to 10 ml of swollen Reactive Yellow 86 agarose (Sigma) mediates by the yeast Rad1-Rad10 DNA endonuclease. Science to give 50 ml in 25 mM HEPES-KOH (pH 7.8), 10% glycerol, 2 mM 265, 2082-2085. dithiothreitol, and 100 mM KCl. After 1 hr at 48C, the suspension Biggerstaff, M., Szymkowski, D.E., and Wood, R.D. (1993) . Cocorwas centrifuged and 30 ml of supernatant loaded onto the gel.
rection of the ERCC1, ERCC4, and xeroderma pigmentosum group F DNA repair defects in vitro. EMBO J. 12, 3685-3692. In Vitro DNA Repair and Nuclease Assays The assay for dual incision was as described (Moggs et al., 1996) , Busch, D., Greiner, C., Lewis, K., Ford, R., Adair, G., and Thompson, L. (1989) . Summary of complementation groups of UV-sensitive CHO except that the plasmid was cleaved with HindIII and XhoI before
